Interactions among predators and the cascading effects of vertebrate insectivores on arthropod communities and plants by Mooney, Kailen A et al.
Interactions among predators and the cascading
effects of vertebrate insectivores on arthropod
communities and plants
Kailen A. Mooneya,1, Daniel S. Grunerb, Nicholas A. Barberc, Sunshine A. Van Baeld, Stacy M. Philpotte,
and Russell Greenbergf
aDepartment of Ecology and Evolutionary Biology, University of California, Irvine, CA 92697-2525; bDepartment of Entomology, University of Maryland,
College Park, MD 20742-4454; cDepartment of Biology, University of Missouri, St. Louis, MO 63121; dSmithsonian Tropical Research Institute, Apartado 0843-
03092, Balboa, Ancon, Panama; eDepartment of Environmental Sciences, University of Toledo, Toledo, OH 43606; and fSmithsonian Migratory Bird Center,
National Zoological Park, Washington, DC 20008
Communicated by Thomas W. Schoener, University of California, Davis, CA, March 4, 2010 (received for review August 5, 2009)
Theory on trophic interactions predicts that predators increase plant
biomass by feeding on herbivores, an indirect interaction called a
trophic cascade. Theory also predicts that predators feeding on
predators, or intraguild predation, will weaken trophic cascades. Al-
thoughpast syntheseshaveconfirmedcascadingeffects of terrestrial
arthropod predators, we lack a comprehensive analysis for verte-
brate insectivores—which by virtue of their body size and feeding
habits are often top predators in these systems—and of how intra-
guildpredationmediates trophic cascadestrength.Wereporthereon
ameta-analysis of 113 experiments documenting the effects of insec-
tivorousbirds,bats, or lizardsonpredaceousarthropods,herbivorous
arthropods, andplants.Althoughvertebrate insectivores fedas intra-
guild predators, strongly reducing predaceous arthropods (38%),
they nevertheless suppressed herbivores (39%), indirectly reduced
plant damage (40%), and increased plant biomass (14%). Further-
more, effects of vertebrate insectivores on predatory and herbivo-
rousarthropodswerepositively correlated. Effectswere strongeston
arthropods and plants in communities with abundant predaceous
arthropodsandstrong intraguildpredation,butweak incommunities
depauperate in arthropod predators and intraguild predation. The
naturally occurring ratio of arthropod predators relative to herbi-
vores varied tremendously among the studied communities, and
the skew to predators increased with site primary productivity and
in trees relative to shrubs. Although intraguild predation among
arthropod predators has been shown to weaken herbivore suppres-
sion, we find this paradigm does not extend to vertebrate insecti-
vores in these communities. Instead, vertebrate intraguild preda-
tion is associated with strengthened trophic cascades, and insecti-
vores function as dominant predators in terrestrial plant-arthropod
communities.
bottom-up and top-down control | intraguild predation | meta-analysis |
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Research demonstrates that predators, by feeding on herbi-vores, can increase plant biomass via the indirect interaction
commonly labeled a trophic cascade (1). In recent years, meta-
analyses have quantified trophic cascades separately in terrestrial
(2, 3) and aquatic systems (4, 5) and in multiple habitats together
to compare the strength of trophic cascades among ecosystem
types (6). Although the strengths of trophic cascades vary across
ecosystem types, explanations for the significant residual varia-
tion within ecosystems remain enigmatic (6–8).
Vertebrate insectivores such as birds, bats, and lizards often
feed as top predators on terrestrial arthropod communities, but
based upon current theory it is unclear whether their effects should
cascade down to affect plant biomass. Because of their large body
size relative to arthropod prey, vertebrate insectivores can con-
sume both predatory and herbivorous arthropods (9, 10). As a
consequence, vertebrate insectivores may feed as so-called intra-
guild predators (11), simultaneously consuming intermediate
arthropod predators and herbivores. Theory predicts that any di-
rect negative effect of vertebrate insectivores on herbivores would
be counterbalanced, in part or in whole, by the simultaneous sup-
pression of the arthropod predators of those herbivores (12, 13).
Consequently, predicting the net effects of vertebrate insectivores
on plants requires knowledge of their relative effects on both
predatory and herbivorous arthropods (11). Resolving the func-
tional role of vertebrate insectivores is increasingly important in
light of their vulnerability to global change (14).
Despite the expectation that intraguild predation dampens the
strength of trophic cascades, pastmeta-analyses have not tested this
prediction. Meta-analyses of experiments from terrestrial systems
have focused primarily on the top-down effects of predaceous
arthropods (Table 1) (2, 3). To the extent that these meta-analyses
included vertebrate insectivores, they emphasized effects on her-
bivores, and the role of predatory arthropods as mediators of tro-
phic cascade strength has not been studied. Vance-Chalcraft et al.
(15) investigated the consequences of intraguild predation for
herbivore suppression, but their review included few studies on
vertebrate insectivores and did not address the indirect effects of
such dynamics for plants. Consequently, fundamental aspects of
how vertebrate insectivores affect arthropods and plants remain
unclear, despite extensive evidence for the importanceof vertebrate
insectivores (10, 16, 17).
To redress these gaps, we conducted a meta-analysis of 113
published studies from 63 publications in which vertebrate insec-
tivores (birds, bats, or lizards) were removed, and their effects
quantified not only for herbivores and plants but also for preda-
ceous arthropods (for a summary table and list of source pub-
lications, see Table S1). With these data, we tested a set of predic-
tions arising from theory on trophic interactions (12, 18) for the
effects of vertebrate insectivores on arthropod predators (also
referred to as intermediate predators), herbivores, and plants: (P1)
generalist predators suchas vertebrate insectivores should suppress
both predatory and herbivorous arthropods, supporting our asser-
tion that they feed as intraguild predators; (P2) because of the
buffering influence of intermediate predators, the effect strengths
of vertebrate insectivores on herbivores and plants should attenu-
ate in communities where intermediate predators are more abun-
dant relative to herbivores; (P3) Because intermediate predators
should diminish the indirect effects of vertebrate insectivores, the
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net effects of vertebrate insectivores should be more strongly
negative upon intermediate predators than herbivores, and these
effects should tradeoff such that strong effects on intermediate
predators are associated with weak effects on herbivores; (P4) as a
result of this asymmetry in their net effects on intermediate pred-
ators and herbivores, vertebrate insectivores should alter the tro-
phic composition of the communities on which they prey; and (P5)
the results of our analysis should show relatively weak indirect
effects onplant biomass as compared topastmeta-analyses focused
on experimental exclusions of arthropod predators that may more
often feed directly upon herbivores without intraguild predation.
Results and Discussion
Tests of Predictions. Consistent with P1, vertebrate insectivores
suppressed the abundance of both predaceous and herbivorous
arthropods (Fig. 1 and values presented in Table S2). The meta-
analysis of Van Bael et al. (9), which was based upon a subset of
the data presented here (n=48 studies), found parallel results for
bird effects on predaceous and herbivorous arthropods in trees
and understory shrubs. Although negative effects of vertebrate
insectivores on arthropod predators may arise in part from com-
petition for a shared prey base of herbivores, diet studies clearly
demonstrate that vertebrate insectivores also directly consume
predatory arthropods (10, 19, 20). This first result—that verte-
brate insectivores act as intraguild predators, suppressing both
intermediate predators and herbivores—thus sets the stage for
our test of the subsequent predictions.
Contrary to our second prediction (P2), trophic cascade strength
was correlated with the relative abundance of intermediate preda-
tors to herbivores in a community (Fig. 2 andTable S4). Among the
studies where authors reported comprehensive arthropod com-
munity sampling and assigned all arthropods to a trophic role, the
relative abundance of intermediate predators (IP) to herbivores
(H) varied by over three orders of magnitude, from herbivore-
dominated communities with ratios (IP:H) as low as 1:167 to
predator-dominated communities with values as high as 4:1, with a
mean ratio of 1.0 ± 0.4 intermediate predators for every herbivore.
We calculated the natural log of the ratio of intermediate predators
to herbivores in the presence of vertebrate insectivores (exper-
imental control treatments), annotated here as ln(IP:H+), as a
metric of arthropod community trophic composition under natural
conditions. In communities deficient in intermediatepredators (low
values of ln[IP:H+]), vertebrate insectivores had relatively weak
effects on intermediate predators, herbivores and plants (Fig. 2 and
Table S4). In contrast, in communities with a high relative abun-
dance of intermediate predators (high values of ln[IP:H+]) trophic
cascades were strong, with strong negative effects of vertebrate




Predators* Herbivores* Damage* Biomass*
(3) — −0.49 −0.95 +0.22
(−0.63 –0.35) (−1.18 –0.72) (+0.11 +0.33)
22% 32% 0%
(2) — −0.41 −0.53 +0.12
(−0.49 –0.33) (−0.64 –0.42) (+0.03 +0.20)
37% 48% 10%
(6)† — −0.44 — +0.11
(−0.72 –0.16) (−0.06 +0.27)
17% 17%
(9) −0.71 −0.60 −0.32 —
(−0.95 –0.49) (−0.90 –0.30) (−0.45 –0.20)
100% 100% 100%
This study −0.49 −0.47 −0.34 +0.13
(−0.69 –0.29) (−0.66 –0.28) (−0.46 –0.22) (−0.02 +0.28)
100% 100% 100% 100%
*Values reported in each cell: log response ratios, 95% confidence intervals, and % of studies with vertebrate
predators.
†Based on studies measuring plant biomass of whole communities, limited to grassland and agricultural fields,
found stronger effects of vertebrate predators (across terrestrial and aquatic communities). Othermeta-analyses
use responses of individual plant species and show no effect of predator type.
Fig. 1. Natural log ratio effect sizes (=ln[control / predator exclusion]; ±95%
CI) of insectivorous birds, bats, and lizards on arthropods and plants. Hollow
circles show effect means, dots show values from individual studies. Sample
size provided in parentheses. The bottom axis presents back-transformed
effect sizes presented as untransformed proportional change. Summary
statistics provided in Table S2. For intermediate predators: herbivores, a
single study value of +2.2 is not shown.
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insectivores on both intermediate predators and herbivores and
strong positive effects on plants. Although food chain theory pre-
dicts that the effects of vertebrate insectivores upon herbivores and
plants should attenuate or reverse with the increased abundance of
intermediate predators (21, 22), our results suggest the opposite:
the effects of vertebrate insectivores on herbivores and plants were
strongest in systems assumed to have strong intraguild predation
and weak trophic cascades.
According to P3, we predicted that top predator effects should
be more strongly negative upon intermediate predators than her-
bivores and that these effects should tradeoff and thus be neg-
atively correlated. Contrary to P3, we found that the mean effects
of vertebrate insectivores upon intermediate predators and her-
bivores were nearly identical in strength (Fig. 1). For the subset of
studies that measured effects on both intermediate predators
and herbivores, these effects were positively correlated and similar
in magnitude (r = 0.41, n = 52, P = 0.0023; Fig. S1). Across all
studies, vertebrate insectivores reduced intermediate predator
and herbivore abundance by 38% [log response ratios (LRR)
mean ± 95% CI:= −0.47 ± 0.19] and 39% (LRR= −0.49 ± 0.19),
respectively (Fig. 1). Certainly, trophic levels are artificial con-
structions for many arthropods, and there is an increasing recog-
nition that many taxa feed as facultative or obligate omnivores
(23). These trophic “tangles,” characterized by increasing trophic
indeterminacy at higher positions, are prevalent across marine,
freshwater, and terrestrial systems (24). Our assignment of all
predatory arthropods to a single trophic role almost certainly
mischaracterizes some of these omnivores. The equality of verte-
brate insectivore effects on predatory and herbivorous arthropods
may result, in part, from a gradient of variable feeding roles within
each trophic construction. Yet vertebrate insectivores had strong
effects of nearly identical magnitude on spiders (Araneae; 45%
reduction, LRR = −0.60 ± 0.21) and lepidopteran larvae (49%
reduction, LRR = −0.67 ± 0.26), two taxonomic groups that are
abundant and unambiguously predaceous and herbivorous,
respectively (Fig. 1). Consequently, a degree of imprecision in the
assignment of trophic roles is unlikely to account for the sym-
metrical effects of vertebrate insectivores on predaceous and
herbivorous arthropods.
Because vertebrate insectivores caused effects of equivalent
magnitude upon predaceous and herbivorous arthropods, they
had little effect on the trophic composition of arthropod com-
munities despite a strong overall effect on arthropod abundance
(Fig. 1 and Fig. S1). This result contradicts P4, which states that
vertebrate insectivores should alter community trophic composi-
tion because of the expected asymmetry of their effects on inter-
mediate predators and herbivores. We used two complementary
analyses to test whether vertebrate predators altered the trophic
composition of arthropod communities. First, we compared the
intermediate predator to herbivore ratio in the presence (IP:H+)
and absence (IP:H−) of vertebrate predators in a log response
ratio (ln[IP:H+/IP:H−]). This analysis did not reveal any effect
of vertebrate predators on arthropod community trophic compo-
sition (Fig. 1). In our second approach, we inspected the correla-
tion between the natural log of IP:H between treatments with
and without vertebrate insectivores (ln[IP:H+] and ln[IP:H−],
respectively). The relationship was positive (r = 0.85, n = 49, P <
0.0001) (Fig. 3) and the slope did not differ from 1.0 (β = 0.87 ±
0.15). Taken together, this evidence suggests that vertebrate
predators have symmetrical negative effects upon predaceous and
herbivorous arthropods (Figs. 1 and 3) despite the great under-
lying variation in trophic composition of the communities upon
which they fed (Fig. 3).
Contrary to P5, our results for the effect magnitudes of top
vertebrate predators were highly consistent with those from pre-
vious meta-analyses of terrestrial systems based largely upon the
exclusion of predaceous arthropods (Table 1). Despite their strong
negative effects on intermediate predators, vertebrate insectivores
also suppressed herbivores (see above; Fig. 1) and exerted an
overall beneficial effect on plants by reducing plant damage by 40%
(LRR=−0.34± 0.13) and therewas a trend towards an increase in
plant biomass of 14% (LRR = 0.13 ± 0.15; Fig. 1). As noted in
previously published meta-analyses (2, 3), plant damage responses
were stronger than biomass responses (F1, 67 = 3.77, P = 0.0563),
Fig. 2. Relationship between arthropod community composition (the log
ratio of intermediate predators to herbivores in the presence of vertebrate
insectivores = ln[IP:H+]) and the strength of vertebrate insectivore effects (log
response ratios, LRRs) on predaceous and herbivorous arthropods and plants.
Effects on plants are both effects on plant biomass and effects on plant dam-
age. LRRs for plant damage are multiplied by −1 to make the effect directions
parallel with those of plant biomass. Dashed vertical lines show arthropod
communities with an equal abundance of intermediate predators and herbi-
vores. Dashed horizontal lines show vertebrate insectivore effect sizes of 0.






but we found little evidence for a correlation between damage and
biomass responses among the 16 studies that measured both (r =
0.38, P= 0.16; Fig. S2). As with previous meta-analyses, effects on
herbivores were stronger than effects on plants, suggesting a pro-
gressive attenuation of top-down effects (25).
All of the above conclusions were robust with respect to the
type of vertebrate insectivore studied, plant growth form, and
several aspects of experimental design. Due to sample size
restrictions, we were only able to compare the strength of bird
and bat effects (combined) with those of lizards, and only upon
arthropods. We found no detectable effect of top predator type
upon predatory or herbivorous arthropods, or for all arthropods
combined (Table S3). Similarly, we found no difference in plant
or arthropod responses based upon whether the studied plants
were trees or shrubs (Table S3), although insufficient data pre-
vented a comparison of these woody plants to herbs. Finally,
there were no indications that arthropod or plant effects varied
as a function of the scale of predator exclusions, experimental
duration, or sample size used in the examined studies (Table S3).
Summarizing our results, we show that vertebrate insectivores
suppressed both intermediate predators and herbivores to an
equal extent and that the effects of these vertebrate insectivores
on herbivores and plants strengthened with increasing relative
abundance of intermediate predators. This result is especially
noteworthy given the overwhelming evidence that arthropod
predators and parasitoids themselves are capable of suppressing
herbivore populations (2, 3, 26). Theory on intraguild predation
predicts that intermediate predators should buffer andweaken the
net effects of top predators upon herbivores (21), and empirical
evidence from arthropod food webs supports this prediction (15).
Our contrary findings thus suggest that current models of trophic
interactions do not adequately describe dynamics involving
vertebrate insectivores.
Why Does Theory Fail for Vertebrate Insectivores? First, resource
availability and primary productivity may cascade up food webs
(27), leading to a parallel increase in the abundance of inter-
mediate predators and to an increase in the strength of top
predator effects. In the exploitation ecosystems hypothesis,
Oksanen et al. (28) proposed that increasing primary productivity
of a system should result in progressive lengthening of food chains
and increasing abundance at higher trophic levels. Empirical evi-
dence also supports the hypothesis that bottom-up and top-down
factors can interactively determine trophic structure (29, 30). To
test this possibility, we investigated whether variation in primary
productivity was associated with the relative abundance of inter-
mediate predators and the strength of top predator effects on
arthropods and plants. We used mean annual precipitation and
the Normalized Difference Vegetation Index (NDVI) as indica-
tors of primary productivity and also examined latitude (absolute
value) with which mean annual precipitation and NDVI are neg-
atively correlated. Althoughwe found no evidence for an influence
of precipitation or latitude, our analyses reveal that ln(IP:H+)
increased significantly with NDVI (Fig. 4 and Table S3). We also
found that ln(IP:H+) was significantly higher in trees than in
shrubs (herbaceous plants yielded insufficient replication for
analysis) (Fig. 4 and Table S3). If trees represent a higher-quality
resource for arthropods than shrubs (e.g., because of higher pro-
ductivity in the canopy vs. understory) a similar productivity effect
may also explain these differences. In combination, host plant
growth form and NDVI explained one-third of the overall varia-
tion in the relative abundance of intermediate predators to her-
bivores (Table S3). However, we failed to detect the predicted
positive association between NDVI (or precipitation or latitude)
and the effects of vertebrate insectivores on arthropods and plants
(Table S3). Consequently, our analyses provide mixed support for
the hypothesis that variation in primary productivity drives the
positive association between the abundance of intermediate
predators and the strength of top predator effects on arthropods
and plants.
Second, an influx of allochthonous arthropods into structurally
complex plant canopies might simultaneously subsidize preda-
ceous arthropods and provoke functional and numerical responses
of vertebrate insectivores (31). As mobility and foraging behavior
tend to scale with trophic position (32), trophic subsidies might
simultaneously increase the abundance of predaceous arthropods
and the foraging intensity of vertebrate insectivores that in turn
reduce herbivore abundance and benefit plants (13, 33). Preda-
ceous arthropods were frequently present at densities that may not
be sustained on herbivore prey alone (Fig. 3), suggesting such
subsidies are likely important. Although some studies in our an-
alyses reported abundances of detritivores (Fig. 1), there were
insufficient data to rigorously test whether the relative abundance
of detritivores was correlated with the abundance of intermedi-
ate predators and the strength of vertebrate insectivores effects.
Third, the effects of intermediate and vertebrate insectivores
may operate synergistically to suppress herbivore abundance to
the benefit of plants (34, 35). Under this hypothesis, inter-
mediate predators may enhance the effects of vertebrate insec-
tivores if each predator group forces herbivores to engage in
behaviors that increase their vulnerability to attack by the other.
Several studies have tested for interaction between the effects of
vertebrate and arthropod predators, with synergistic effects
demonstrated in some (36) but not all systems (37, 38). Such
explanations would similarly explain the stronger effects of ver-
tebrate insectivores on intermediate predators if interactions
among those intermediate predators increase their vulnerability
to vertebrate insectivores. Indeed, functional diversity among
vertebrate insectivores within communities, in terms of body size,
foraging strategy, foraging strata, and dietary preferences, can
enhance prey suppression (9, 39).
Fourth, the parallel effects of vertebrate insectivores on preda-
tory and herbivorous arthropods could arise through competition
for a shared prey base of herbivores. None of the experiments
included in this meta-analysis documented the extent to which
vertebrate insectivores reduced predatory arthropods directly via
consumption versus indirectly by consuming shared herbivorous
prey. On Bahamian islands, experimental studies in our database
Fig. 3. Effect of vertebrate insectivores on arthropod community trophic
composition. Each datum shows the natural log of the intermediate predator:
herbivore ratio (= ln[IP:H]) in treatments with and without vertebrate insec-
tivores. Symbolswith error bars showmean community composition for shrubs
and trees ± 95% confidence intervals. Trees have a significantly higher ln(IP:H)
than shrubs (Table S3). There were only two studies on herbs. Data are pre-
sented with study as the replicate and multiple studies per field site. Dashed
vertical and horizontal lines show arthropod communities with an equal
abundance of intermediate predators and herbivores.
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that documented the negative effects of lizards on spiders (38, 40)
were insufficient to disentangle these mechanisms, but parallel
mechanistic studies demonstrated these effects occur via both
predation and competition (19). If vertebrate insectivores fed
exclusively upon herbivores, a parallel indirect effect on predatory
arthropods would be expected (Figs. 1 and 3). However, such an
explanation would not explain the strengthening of top-down
controls by vertebrate insectivores with the increasing relative
abundance of predatory arthropods (Fig. 2). Most importantly,
there is extensive evidence that vertebrate insectivores do consume
predatory arthropods (10, 19), and there is little reason to assume
vertebrate insectivores would consume arthropods selectively with
respect to their trophic level.
Although the above hypotheses seek to explain the positive
association between intermediate predators and trophic cas-
cades strength, the pattern that intermediate predators did not
dampen herbivore suppression also requires exploration. We
propose that vertebrate insectivores may, in fact, release herbi-
vores from consumption by intermediate predators, but these
relatively large and highly mobile vertebrates in turn switch
among trophic groups opportunistically and dynamically. Pre-
vious studies suggest that many avian and mammalian insecti-
vores show frequency-dependent pressure on prey groups to the
extent that those prey are abundant relative to other potential
prey (41). If vertebrate insectivores dynamically switch to the
most abundant trophic groups (42), this frequency-dependent
predation may equalize their effects on predatory and herbivo-
rous prey, resulting in little net effect on the trophic composition
of arthropod communities. Accordingly, the failure of intraguild
predation theory to predict vertebrate insectivore effects may
arise from aspects of their biology that facilitate dynamic
switching between consumption of predaceous and herbivorous
trophic groups, namely their large size relative to both arthropod
groups, high mobility, and behaviorally sophisticated foraging
strategies that vary within and among individuals and species.
Future Directions.Although our analysis of the published literature
clearly documents patterns in the top-down cascading effects of
vertebrate insectivores, limitations of the available data prevent
definitive conclusions on the precise mechanisms at work. We
outline multiple, nonmutually exclusive hypotheses that can only
be tested with additional experimentation. In this regard, two
issues are of paramount importance. First, more studies are
needed that factorially manipulate both vertebrate insectivores
and arthropod predators to definitively determine the role of
intermediate predators as mediators of top-down effects. Here, it
will be critical to document not only the net effects of vertebrate
insectivores on predatory arthropods but also the extent to which
such effects are due to direct consumption versus competition for
a shared prey base (40). To separate intraguild predation into its
competitive and predatory components, studies must determine
the overlap in diets of vertebrate insectivores and predatory
arthropods in terms of prey taxonomic identity and size and also
document per capita herbivore consumption when vertebrate and
arthropod predators act alone and in combination (19, 43).
Second, studies must be conducted over significantly larger
scales than those published to date. Although we observed no
significant effects of the size of experimental units or the dura-
tion of studies (Table S3), we note that there are no published
studies carried out at a scale relevant to the home ranges of the
vertebrate insectivores or that ran for sufficient duration to
encompass more than a single generation of the host plants. Our
ability to “scale-up” results from relatively small-scale manipu-
lations remains unclear for most systems.
Current theory successfully emulates the trophic dynamics
operatingwithin arthropodcommunities (15), but ourfindings show
they are not extensible to predict effects of vertebrate insectivores in
these terrestrial systems. Vertebrate insectivores such as birds, bats,
and lizards reduce thedensities of both predaceous andherbivorous
arthropods according to their proportional representation in the
arthropod community. Because terrestrial vertebrate insectivores
are large and mobile, they may rapidly compensate for herbivore
release, thus leading to an emergent equality in their top-down
effects (41, 42). However, other factors may lead to a positive
association between intermediate predators and top-down control
from vertebrate insectivores, perhaps including—but not limited
to—the bottom-up effects of resource availability, trophic subsidies,
multiplicative predator effects, and competition for shared prey. As
a result of these dynamics, vertebrate insectivores play a key role in
suppressing arthropods and increasing plant biomass that was not
anticipated by theory.
Methods
We searched the literature formanipulative field studies where (i) birds, bats, or
lizards were experimentally excluded or enclosedwith field cages or netting, (ii)
matched with appropriate open-access controls, and (iii) effects were measured
on terrestrial plants and with naturally occurring arthropod populations or
communities. In some instances, multiple studies from a single publication were
treated as independent experiments (see SI Appendix 1 for details).
Tests for all hypotheses were based upon unweighted LRR (44), calculated
from mean responses in the presence ðYIþÞ and absence ðYI− Þ of vertebrate
insectivores ðln½YIþ=YI− Þ .We tested for effects of vertebrate insectivores onall
arthropods, arthropod trophic groups, abundant arthropod orders, arthropod
Fig. 4. Effects of NDVI (A) and host plant growth form (B)
on the relative abundance of intermediate predators to
herbivores in the presence of vertebrate insectivores (=ln
[IP:H+]). (A) Filled circles indicate trees, hollow circles
shrubs, x herbaceous plants. Data are presented with field
site as the replicate, compiling multiple studies in some
cases. (B) Hollow circles show effect means (± 95% CI), and
dots show values from individual studies. Sample sizes are
provided in parentheses. Data are presented with study as
the replicate, and multiple studies per field site.






diversity, arthropod community trophic composition (defined as the relative
abundance of predaceous and herbivorous arthropods [IP:H]), plant damage
by herbivores, and plant biomass. If a study included multiple responses of dif-
fering units, we averaged the LRRs within that study to generate a single LRR.
When a study reported effects over time, we used the final time point.
For responses with sufficient sample sizes, we used general linear models
to test for the effects of biological and methodological covariates (Table S3).
We investigated whether LRRs were dependent upon methodological cova-
riates (exclusion area, sample size, experimental duration), host plant growth
form (herb, shrub, or tree), and insectivore taxon (birds and bats vs. lizards)
with each study serving as the unit of replication (study-based covariates). In
separate analyses, we tested for an influence of latitude (absolute value),
mean annual precipitation, and site productivity (NDVI) using study sites as
the replicate by averaging the responses of multiple studies as needed (site-
based covariates). Latitude and longitude were taken directly from papers or
extracted using the software application Google Earth (Google Inc.). Data on
total annual precipitation were obtained from the WorldClim database (45)
and mean annual NDVI from the National Oceanic and Atmospheric
Administration Advanced Very High Resolution Radiometer satellite (46).
When investigating the influence of covariates on plant responses, we con-
ducted a single analysis in which biomass responses were preferentially taken
when available, but otherwise used plant damage responses multiplied by −1
to convert the sign of these effects to parallel those of plant biomass
responses. In these models, we included an indicator term for response metric
(damage, biomass) to account for any difference between these measures. In
all analyses we modeled LRRs as a linear function of all predictors and then
discarded any termswhere P> 0.15 to arrive at afinal reducedmodel. Because
of small sample sizes and difficulties in interpretation, we did not test for
interactions among covariates in effects on LRRs.
Ouranalysesofarthropodcommunity trophic compositionwerebasedupon
49 studies where the abundance of intermediate predators and herbivores
were reported in the same units and were thus comparable. We quantified
arthropod community trophic composition as the natural log of the ratio of
intermediate arthropod predators to herbivores (ln[IP:H]), taking the value of
this ratio in thepresence of vertebrate insectivores (ln[IP:H+]) to be adescriptor
of each studied community. For 33 of the 49 studies the authors reported
comprehensive sampling of the arthropod community. The value of ln(IP:H+)
didnotdifferbaseduponcompleteversus incomplete sampling (F1,48 =2.56,P=
0.12). In 26 of these 49 studies, therewere arthropods not assigned to a trophic
group by the authors and that were trophically ambiguous based solely upon
their taxonomy. In these studies, trophically ambiguous taxa constituted 45%
of arthropod abundance or biomass. Here we based our analyses only upon
trophically assigned arthropods only. We did not detect a relationship be-
tween ln(IP:H+) and the proportion of the community consisting of unassigned
arthropods (r = −0.11, n = 26, P = 0.58).
We investigated both the determinants of ln(IP:H+) and the association
between ln(IP:H+) and trophic cascade strength (Tables S3andS4, respectively).
Tests for the determinants of ln(IP:H+) proceeded as described above, with
separate tests for the influence of site- and study-based covariates on ln(IP:H+)
(Table S3). When testing for the effects of arthropod community upon trophic
cascade strength we used linear regression with ln(IP:H+) as a predictor and
LRRs for top predator effects as the dependent variables (Table S4). Results
were qualitatively identical when these analyses were repeated using the ratio
of intermediate arthropod predators to herbivores in the absence of verte-
brate insectivores (ln[IP:H-]) or averaged across treatments. Finally, we com-
pared the intermediate predator to herbivore ratio between treatments with
(IP:H+) and without (IP:H−) vertebrate insectivores using the log response
ratio ln(IP:H+/IP:H−).
ACKNOWLEDGMENTS. We thank A. Hurlbert for providing NDVI data and
A. Agrawal, E. Borer, D. Spiller, O. Schmitz, T. Schoener, L. Yang, and two
anonymous reviewers for critical comments and suggestions on the
manuscript.
1. Paine RT (1980) Foodwebs: Linkage, interaction strength and community infrastructure.
J Anim Ecol 49:667–685.
2. Halaj J, Wise DH (2001) Terrestrial trophic cascades: How much do they trickle? Am
Nat 157:262–281.
3. Schmitz OJ, Hambäck PA, Beckerman AP (2000) Trophic cascades in terrestrial systems:
A review of the effects of carnivore removals on plants. Am Nat 155:141–153.
4. Micheli F (1999) Eutrophication, fisheries, and consumer-resource dynamics in marine
pelagic ecosystems. Science 285:1396–1398.
5. Brett MT, Goldman CR (1996) A meta-analysis of the freshwater trophic cascade. Proc
Natl Acad Sci USA 93:7723–7726.
6. Shurin JB, et al. (2002) A cross-ecosystem comparison of the strength of trophic
cascades. Ecol Lett 5:785–791.
7. Shurin JB, Gruner DS, Hillebrand H (2006) All wet or dried up? Real differences
between aquatic and terrestrial food webs. Proc Biol Sci 273:1–9.
8. Borer ET, et al. (2005) What determines the strength of a trophic cascade? Ecology 86:
528–537.
9. Van Bael SA, et al. (2008) Birds as predators in tropical agroforestry systems. Ecology
89:928–934.
10. Gunnarsson B (2007) Bird predation on spiders: Ecological mechanisms and evolutionary
consequences. J Arachnol 35:509–529.
11. Polis GA, Myers CA, Holt RD (1989) The ecology and evolution of intraguild predation:
Potential competitors that eat each other. Annu Rev Ecol Syst 20:297–330.
12. Polis GA, Holt RD (1992) Intraguild predation: The dynamics of complex trophic
interactions. Trends Ecol Evol 7:151–154.
13. Polis GA, Strong DR (1996) Food web complexity and community dynamics. Am Nat
147:813–846.
14. Şekercioğlu ÇH, et al. (2002) Disappearance of insectivorous birds from tropical forest
fragments. Proc Natl Acad Sci USA 99:263–267.
15. Vance-Chalcraft HD, et al. (2007) The influence of intraguild predation on prey
suppression and prey release: A meta-analysis. Ecology 88:2689–2696.
16. Sekercioglu CH (2006) Increasing awareness of avian ecological function. Trends Ecol
Evol 21:464–471.
17. Whelan CJ, Wenny DG, Marquis RJ (2008) Ecosystem services provided by birds. Ann N
Y Acad Sci 1134:25–60.
18. Rosenheim JA (1998) Higher-order predators and the regulation of insect herbivore
populations. Annu Rev Entomol 43:421–447.
19. Spiller DA, Schoener TW (1990) Lizards reduce food consumption by spiders: Mech-
anisms and consequences. Oecologia 83:150–161.
20. Federico P, et al. (2008) Brazilian free-tailed bats as insect pest regulators in
transgenic and conventional cotton crops. Ecol Appl 18:826–837.
21. Holt RD, Polis GA (1997) A theoretical framework for intraguild predation. Am Nat
149:745–764.
22. DaughertyMP, Harmon JP, Briggs CJ (2007) Trophic supplements to intraguild predation.
Oikos 116:662–677.
23. Coll M, Guershon M (2002) Omnivory in terrestrial arthropods: Mixing plant and prey
diets. Annu Rev Entomol 47:267–297.
24. Thompson RM, Hemberg M, Starzomski BM, Shurin JB (2007) Trophic levels and
trophic tangles: The prevalence of omnivory in real food webs. Ecology 88:612–617.
25. Schmitz OJ (2008) Herbivory from individuals to ecosystems. Annu Rev Ecol Evol Syst
39:133–152.
26. Matsumoto T, Itioka T, Nishida T (2003) Cascading effects of a specialist parasitoid on
plant biomass in a Citrus agroecosystem. Ecol Res 18:651–659.
27. Kagata H, Ohgushi T (2006) Bottom-up trophic cascades and material transfer in
terrestrial food webs. Ecol Res 21:26–34.
28. Oksanen L, Fretwell SD, Arruda J, Niemela P (1981) Exploitation ecosystems in
gradients of primary productivity. Am Nat 118:240–261.
29. Gutierrez AP, Mills NJ, Schreiber SJ, Ellis CK (1994) A physiologically based tritrophic
perspective on bottom-up-top-down regulation of populations. Ecology 75:2227–2242.
30. Gruner DS (2004) Attenuation of top-down and bottom-up forces in a complex
terrestrial community. Ecology 85:3010–3022.
31. Nakano S, MurakamiM (2001) Reciprocal subsidies: Dynamic interdependence between
terrestrial and aquatic food webs. Proc Natl Acad Sci USA 98:166–170.
32. Eveleigh ES, et al. (2007) Fluctuations in density of an outbreak species drive diversity
cascades in food webs. Proc Natl Acad Sci USA 104:16976–16981.
33. Leroux SJ, Loreau M (2008) Subsidy hypothesis and strength of trophic cascades across
ecosystems. Ecol Lett 11:1147–1156.
34. Sih A, Englund G, Wooster D (1998) Emergent impacts of multiple predators on prey.
Trends Ecol Evol 13:350–355.
35. Schmitz OJ (2007) Predator diversity and trophic interactions. Ecology 88:2415–2426.
36. Swisher BJ, Soluk DA, Wahl DH (1998) Non-additive predation in littoral habitats:
Influences of habitat complexity. Oikos 81:30–37.
37. Mooney KA (2007) Tritrophic effects of birds and ants on a canopy food web, tree
growth, and phytochemistry. Ecology 88:2005–2014.
38. Spiller DA, Schoener TW (1994) Effects of top and intermediate predators in a
terrestrial food web. Ecology 75:182–196.
39. Philpott SM, et al. (2009) Functional richness and ecosystem services: Bird predation
on arthropods in tropical agroecosystems. Ecol Appl 19:1858–1867.
40. Spiller DA, Schoener TW (1990) A terrestrial experiment showing the impact of
eliminating top predators on foliage damage. Nature 347:469–472.
41. Allen JA, Raison HE,WealeME (1998) The influence of density on frequency-dependent
selection by wild birds feeding on artificial prey. Proc Biol Sci 265:1031–1035.
42. Chesson PL (1984) Variable predators and switching behavior. Theor Popul Biol 26:
1–26.
43. Chase JM, et al. (2002) The interaction between predation and competition: A review
and synthesis. Ecol Lett 5:302–315.
44. Hedges LV, Gurevitch J, Curtis PS (1999) The meta-analysis of response ratios in
experimental ecology. Ecology 80:1150–1156.
45. Hijmans RJ, et al. (2005) Very high resolution interpolated climate surfaces for global
land areas. Int J Climatol 25:1965–1978.
46. Hurlbert AH, Haskell JP (2003) The effect of energy and seasonality on avian species
richness and community composition. Am Nat 161:83–97.
7340 | www.pnas.org/cgi/doi/10.1073/pnas.1001934107 Mooney et al.
